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T h i s  is a report of the research ac t iv i t i e s  carried out during the 
first year of grant NsG 56-60 fron the National Aeronautics and Space 
Agency t o  the czlifornia Institate of Technology, The grant is f o r  basic 

t o  the noon and plamts, Professor Harrison &om resear& prtammg 
is the principal investigator and &, 3ruce C, Murray is  tb associate 
principal investigator, 
infomation, whereas the present docantent i s  intended t o  provide our 
co-workers t j i th an interim description of the research ac t iv i t ies  with 
which we are not7 involved, 
w i l l  be through the customary formal channels of professional journals. 

The fulll-time r e s e z c h  s ta f f  supported by the grant began wurk mostly 
i n  the last quarter of the grant year and nay be augmented slightly during 
1961, I n  addition t o  Dr. Xurray, the staff includes a geochemist, iialter 
IJicfiporuk and two research assistants, Eleanor H e l i n  and Sandy (Y.IL)XLn. 
Hugh FXLlard, Kenneth Zatson, and C a t i d  Reddy are l/3 tine graduate research 
assistants. Victor Nenow m d  Cnrtis Baumann, electronic and nechanical 
techoicians of the Division of Geological Sciences, have contributed on 
a part-time basis. 
literature and an accomplished linguist, serves us in a consultant capacity, 
During the  summer months, Gregory Smith, David Roddy, and I)r. Dale Skipson 
were employed under the grant, The services of  the Spectrog-r?bic 
laboratory under Arthnr Lhodos and the C h e m i c a l  laboratory under Dr, Donald 
Xaines have, &en u t i l i ze6  extensive7j. 
acknoxledge the collaborative effor ts  of Professor Leon T. Silver and of 
Xichel Duke, a National Science Foundztion Fellow, 

. -  

Part I s m a i z e s  administrative and f inancial  

Publication of final results, i n  general, 

I&, Alexander Pogo, an expert on the astronolrical 

Also, we wish t o  gratefully 

Other presentations of research during 1960, whoLly or p v t l y  
sponsored by this grant, are: 

1. 
Bodies i n  the Neighborhood of the Earth1s Orbitn, JGR, 65, 6, 1679- 
1683, June, 1960, 

2, 
of September 12, 1960, 21 September, 1960. 
t o  ne teor i t ic i s t s  and sa t e l l i t e  tracking agencies). 

Brown, Harrison, nThg Density and ?:ass Distribution of Heteofit ic 
- 

&En, E. K, & B. C. Kurray, "The Southern California Firebal l  
(Privately c i r cub ted  

3 .  
Xotion in a Dissipative Keditd,  Resented a t  the America Astronomical 
Society Meetings, 16-18 January, 1961, Dallas, Texas, and t o  be 
included i n  the proceedings of those neetings, 

Xurray, B. C., e: A. B. Lees, Invu ian t  ?roperty of Satellite 
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4. Watson, Kenneth, Bruce Murray and Harrison Brown, "On the 
Possible Presence of I c e  on t h e  i400rY1, accepted by t h e  JGR as 
a Le t t e r  t o  the E d i t o r ,  January, 1961. 

5 ,  
t o  t h e  F e t e m i t i c a l  Society I.:eeting, 1960, Universi ty  of Southern 
California,  Los kngeles, Cal i f ,  

Brown, Harrison, "Frequency of F e t e o r i t i c  Fa l l s "  , Presented 

6, Brown, Harrison, !*Addendum: The Density md S a s s  Dis t r ibu t ion  
of Ke teo r i t i c  Bodies i n  t h e  iieighborhood of t h e  Ea r th ' s  Orbit",  
accepted by t h e  JGR as a L e t t e r  t o  the Edi tor ,  January, 1961, 

I n  the f o l l o v i n g  sec t ions ,  t h e  research  deal ing ~ 5 t h  f b s t  thp, 
noon and then  with meteori tes  xi11 be reviewed separa te ly .  
bibliography i s  presented as sec t ion  4. 

A 



The overall objective of the lunar research carried out under the 
grant is tbe hqroved understanding. of lunar history and, hence, improved 
understanding of the history of the earth-xoon systen. A significant 
inrprmment i n  our understanding of lunar history, however, can only 
resnlt from vastly increased knowledge of the physics, chemistry, and 
geology of the noon, and particularly of i t s  surface, I-luch applicable 
data can be expc ted  t o  resnlt fron the unrcannea instrumnted probes 
t o  be placed on or near the lunar surface during the 1960's. Aowemr, 
these probes nust be preceeded and accompanied by a consider&le amount 
of l&oratory and telescopic investigations and theoretical analysis in 
order for t he  probe measurements t o  be of .mxinum sc i en t i f i c  significance. 
It is with this viexpoint of the interdependence of ground-Sased and 
probe-borne observations, and ui tb  recognition of the decade-long time 
scale which nmz characterizes lunar research, t h a t  we have selected our 
pre= y research topics, In particular, w2 are developing the 
f o l l o e  f o m  appoaches: 

. .  

(1) systematic co lkc t i cn  and analysis of t h s  diverse literature 
pertaining t o  observations a n d  interpretat ion of lmar phnomena. 
(2)  careful laboratory investigation of the properties of puwders 
i n  a hard vacuum with particular mq?hasis on absorption, scattering, 
and polarization of trisibls, a d  eventually infra-red, electromagnetic 
radiation. 
(2) 
l u n a  surface i n  t h e  visible,  a i d  event7mlly i n  the infra-red, 
portion of the spectrum 
( b )  theoret ical  analysis of processes governing differentiation, 
t r s n q o r t ,  concentration, and escape of elements and conpounds on 
the lunar surface, 

photoelectric obsemat io~s  of selected smll portions of the 

In regards t o  3literature searching and t ranslat ion we have been 
particularly fortunate t o  acquire the par t - t im services of Dr, A l e x a n d e r  
Fop, an expert i n  the Astronoinical l i t e ra ture .  Ee and 3k.s.- %liIl+- 
pfmcipally,  
mostly pertni.ning t o  vis ible  and infra-red radiation. 
have had the following a r t i c l e s  translated: 

already accumulated aFproxizately 400 l u n a -  references 
I n  addition, we 

Dollfus,  Audouin, "Renewed Search for an -9txzosT;here i n  the Vicinity 
of the Xoon", Comptes renaus, Vol. 234, pp, 2046-2049, 1952 

Fedorets, V. A.,  "Photographic F'hctonetry of L m a r  Service", Trudy 
K!~arkov Astron. Obs,, ('Gol. 10, old. se r ies )  'lo10 2, b9-1?2, 195'2 
(sane as, k m e d  Notices Xhakoo Stzte UniTr., 7J01. 42, 49-172) 
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Lyot, Bernard and Dollfus, Audouin, "Search f o r  an Atmosphere i n  the 
Vicini ty  of the Moon", Comptes rendus, V o l e  229, pp. 1277-1280, 1949 

Orlova, N. S., ? I Ind ica t r ix  of S c a t t e r i n g  f o r  t h e  Lunar Surfacef!, 
Astrononical Circular  pub by Bureau of Astronomical Communications 
of t he  USSR Acad. of Sciences, No. 156, pp. 19-21, Jan. 1&, 1955 

Sharonov, V., '1 Color Differences on Lunar Surface1', Astronomical 
Circular pub. by Bureau of A s t .  Comxnications of USSR, No, 166, 
pp. 9-11, Jan., 1956 

Yezerskiy, V. and Fedorets, V., ll?hotographic Spectrophotometry of 
t h e  Lunar Surfacef', Acadeny of Science (Circular)  USSR, No. 159, 
pp. 18-20, March, 1955 

I."lst of  these have n o t  been ed i t ed ,  and are not  i n  f i x i s h e d  zanusc r ip t  
form. Z l t k a t e l y ,  e d i t e d  vers ions id11 be nade general ly  avai lable .  
Iiowever, we trould endeavor t o  make a l i m i t e d  number of copies ava i l ab le  
t o  those of our colleagues whose present  r e sea rch  top ic s  warrant such 
s p e c i a l  e f fo r t s .  
systen ana t r a n s l a t i o n  prograii wi th  an information c l a s s i f i c a t i o n ,  storage,  
and r e t r i e v a l  system designed f o r  lurar and p lane tary  research. 
c l a s s i f i c a t i o n  schene used i n  t h i s  systen i s  shown on t h e  nsxt two p ~ g e s .  
It i s  desiw4ed t o  be cmpa t ib l e  wi th  t h e  r e s u l t s  of d i r e c t  lunar 
in-Jestigation i n  the near future, ana t o  e v m t u a l l y  be p a r t  of a broader 
c l a s s i f i c a t i o n  scheme appl icable  t o  the  s o l a r  sys t en  as a whole ra tkr  
than j u s t  t o  t h e  earth-xoon systen.  Each t o p i c  i n  the c l a s s i f i c a t i o n  has 
a corresponding hole assigned t o  it on t h e  margin of t he  8'1 x-10" Keysort 
hand punch-card f i l i n g  systea.  
data, i n t e r p r e t a t i o n ,  accuracy, c a l i b r a t i o n  technique, e t c .  are included 
OP t h e  E l f  x lof1 card. 
reverse side.  Only about, 25  cards have been coxpletod s o  far, but  it i s  
hoped t o  bring the  systern up t o  a u s e f u l  s i z e  dur ing  1961. 

I n  t h e  meantime we a r e  slowly augmenting t h e  reference 

The 

O n l y  p e r t i n e n t  information such as observed 

Important diagrams o r  t a b l e s  are reproduced on t h e  

The poxder vacuum s tud ie s  are s t i l l  i n  a preliminary stage.  
Roddy, a Caltech greduate s tudent  employed under t h e  grant,  !xis developed 
a pene t r a t ion  t e s t i n ?  apparatus i n  conjunction wi th  Dr .  Leonard Jaffe, 
John Rittenhouse and o the r s  a t  J.P.L. His p r e l i n i n a r y  r e s u l t s  i nd ica t e  
t h a t  t h e  i n i t i a l  s te te  of packing of t h e  sample governs the  pene t r a t ion  
r e s u l t s  t o  euch a degree t h a t  t h i s  perameter must be control led with g r e a t  
care  i f  reproducibls r e s u l t s  are t o  be obtained. 
can be contradicted s o l e l y  by changing the  sample-loading technique. An 
inst runent  t o  measure t h e r n a l  conductivity of dus t  i n  a hard vacuum has 
a l s o  been designed and i s  being f ab r i ca t ed  by J.P.L. 
system t o  measure absorption, s c a t t e r i n g ,  and p o l a r i z a t i o n  of v i s i b l e  and 
infra-red r a d i a t i o n  by powdered x x t e r i a l s  i n  a hard vacuilIT! has been designed 
by Furray, Roddy, Nenotr, ana Baunann and i s  under deve lopent .  
experimental A.C. polarimeter of our  own design usinz an ADP c r y s t a l  i s  
present ly  unacr t e s t .  Collection, preparat ion,  ana petrographic and chen;icd. 
ana lys i s  o f  a l l  rock s m p l e s  t o  be used i n  o u r  powder vacuum e x p e r h e n t s  a r e  
a l l  being c a r e f u l l y  supervised by Prof. -Leon T. S i l v e r  of th2 Division or" 
Geological Sciences of Caltech, The next t h ree  sec t ions  summrize r ecen t  
observat ional  and a n a l y t i c a l  i nves t iga t ions  pe r t a in ing  t o  t h e  lunar  surfzce.  

David T. 

The data of S e i g e l  (1960) 

An experimental  

Also, an 



I 

2. Reflection (WP source specified) 
3. Polarized or unpolarized 
4. U l e  
5. C O r l t i t l ~ U l n  

7. T e r r e s t r i a l  source (Radar) For 
6. s o b  SOZZTC~ 

8. Celestial somce 
9 .  Qther s o ~ m c e  (probe) 

Reflected 
EZadiatioc i At Eoon 

10. l t i t f rac t ion  ana s c a t t e r i n g  
11. E s p e r s i o n  
12. I b f r z c t i o n  

l.4. Time v a r i a t i o n  
15. Other 

13. h o g a p f i c  va r i a t ion  

2 .  
7 i o  

4. 
6. 
7. 
8. 
9. 
10. 
11. 

i 
2. 

Lens or mirror 
Spectrum Di.ridzr 
P o k i z a t i o n  analyzer o r  filter 
Phase comparator 
One-dimensional i n t e n s i t y  Reasurenent 
Photograpkic b-tensitya measuremnt 
V i s u a l  h t e n s i t y  m a s u r m m t  
3iEml arn?lif"ier 
Cali'oraticn t e  ciz?ique 
Other 



(7) EGIZEE OF IX’TPJRF’XTfLTIOU 
1. RawTata o r  reduced data 
2 .  
3 .  Physical i n t e r p r e t a t i o n  
4. Origin & process i n t e r p r e t a t i o n  
5 .  Modelling, math simulation, or phys ica l  measuremnt 

Theory o r  procedure of data  reduct ion 

- 
i n  laboratory 

6. Terrestrial analogy 
7. Other 

(8) SURFACE c_ AKD ATXOSPEBIC PA~AIXTERS 
1. Topography 
. a. Itaria 

b . -Uplands 
c. Craters 
d. O t h e r  

2. Structure  
3. Size and shape 
,L . Geographic v a r i a t i o n  
5 .  P a r t i c l e  s i z e  ana s o r t i n g  and roughness 
6. Hardness 
7. TeKperature 
8. Thermal conductivity,  capacity,  e t c .  
9. E l e c t r i c a l  conductivity and other e m  pzrvileters 
io. Corn9osition -~ 
11. Organic mater ia l  
12. 
13. 
lL. Luminescence and flourescence 
15 . Ambient radiat ior .  i n t e n s i t y  

F lu id  o r  s u b l i i a t e  phase on surf ace 
Albedo and color index o r  spectrum 

16. w e s s u r e  (Atmospheric) 
17. Ion densi ty  (Atmospheric) 
18. Time v a r i a t i o n  
19. O t h e r  
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Kenneth Watson, Bruce Emray, and Harrison &om 

1% has been recognized for some t ine  that gases escape rapidly 
from the lunar atnosphere because of t f ie  lw g r a v i t a t i o n  and the 
i n t e n s e  r a d i a t i o n  level on the hrrrar surface (Spi tzer  1952, Opik & 
Singer 1960). It has a l so  been presumed t h a t  a high escape rate 
implies t h a t  v o l a t i l e  substances, particularly those  of low 
molecular weight, are not  naw present  s i g n i f i c a n t l y  on the lunar 
surface, (Kuiper 152, k.ey 19-52, ~ p i k  & Singer  1960). 
t o  po in t  ou t  that high escape rates alone do no t  necessz r i ly  imply 
high w s s  removal rates f rm the 1-r atrosphere.  
t h e  vapor pressure  of the v o l a t i l e  s u b s t a c e  t h a t  governs t h e  mass 
removal rate of that  substance from t h e  lunar atmosphere, 
fo l lming ,  we shall develop a model of s t a b i f i t y  of vo la t i le  
substances on the lunar smface based on two o b s e m d  condi t ions 
of that  surface: (3.) the atnosphere, if any, is  very r a r e f l e d  
(Elsmore 1957, Dollfus 1952) and, (2) there are permanently shaded 
areas with  m.ximm temperatures of the order of Z O ° K  ( P e t t i t  and 
;*Xcholson -1 1930, P e t t i t  19h0, Sinton 1960). 
dir?ct a p p l i c a b i l i t y  t o  t h e  p l a n e t  E‘iercury and some of the o ther  
p l ane ta ry  satellites. 

?:e wish 

Bather it b 

I n  the 

The nodel may a l s o  have 

Under t h e  high vacam conditions tjat p r e n i l  oa t h e  lunar 
surface, v o l a t i l e  subsknces wX!l z i g r a t e  t o  and colzdense on the 
co ldes t  sur faces ,  
sabs’;ance i n  a closed system is &%mined by t h e  tenpsrz ture  a t  
th2 co ldes t  p o i n t  i n  tbe  systex: at least as ccld as 120°E;, for 
t h e  nodel in question, Th2 w p o r  pressure da ta  for various 
v o l a t i l e s  substances i s  presec ted  in Fig. I. ‘ h e  press.De for t h e  
solid phases was e x t r a p b t e d  t o  low t eny=vatares  s ince  t h e  
zxpefi-entzl  data was of the f o r n  leg p-’;, (A a d  B constants) ,  
- b s m L n g  that 110 s o l i d  phase changes occur a t  t k s e  prsssures ,  linear 
ex t r apo la t ion  is quite reasonable f o r  our purpmes,  
ice, th i s  assumption i s  va l ida ted  by t h e  work of Bridgeran (1957) 

T h i s  is because the pressu-..e of a v o l a t i l e  

-T 

I n  the case of 

For an is other;nal 
surface (correspondiog 
mss of t h e  atnosfhere  
Fron the Gas Law: 

i2 = 

I P  - 
D -  

B -  

atnosphere ad constant gas pressure  a t  t h e  
t o  the \=For p r s s s u r e )  we can ca l cu la t e  the 
Fer mit =e2 of the lunar s - n f a c e  as f o l l o ~ s .  

P/2T 
Gensity i n  xoles / a tnospiere  c o l m n  
vapor pressure 
gas cccst,. 
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T *at_aosphere temp, in OK 

~ n c e ,  the mass a f  atmosphere per unit surface area is: 

ana hence, i s  independent of both temperature and molecular weight. 

It follows, then, that the mass loss of 

i - L  in units of mass/area/time 

substance i n  the 
lmar atzosphere, due t o  any ~iiechanislIl is: 

g T  
where : 

2 =Vapor pressure corresponding t o  co ldes t  point i n  system 
g = surface gravity 
y =  relaxation time of: escape mechanism. 

The least r q i d  escape rate of vo la t i les  imaginable would be 
tha t  derived f rm fcinetic theory zssrmiing d i rec t  escape of t he  
f r zc t ion  of the molecules in the atmosphere which possess wloci t i ss  
gmater than the escape velocity. For izn isothermal atmosphere a t  
ternperatme T% (Spltzer 1952) 

tl = relaxation time 

c = r o o t  rean square velocity=J3% 
n =I!/. 
R-g?5 cocstar?t 
T-tenq>. % 
A- xolecular w t .  

g o gravitational acceleration a t  lunar surface 

Iiesillts are tabulzted (Table One) for various substances at  
several e f f e c t i v e  atmospheric tmperztures. 
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Grav i t a t iona l  Escape from Lunar Atmosphere 

t 
14000~ t115000K 

Substance 

Mercury 

secs. 

2.63 1075 

secs  . 
8.53 x lo2' 

Krypton 1.29 x ld2 7.67 109 

Chlorine 2.37 1027 S.Ok x 108 

Sulfur Dioxide 7 . 4 ~  1024 1.21 x 108 
6 

4.81 x 16 
Carbon Dioxide 3-81 1 0 ~ 7  2.08 x 10 

l.4 3ydrogen Chloride 7.44 x 10 

Kater 

Axmonia 

8 

8 
2.47 x 10 

1.16 x 10 

4 
4 

1.97 x 10 

1.71 x 10 

t 
130000X 
secs. 

2.64 x IO1' 

6 1.38 x 10 

4.00 105 

2.11 x 1 6  

3.67 104 

2.0b x l& 

7.01 x Id 
6.75 x Id 

g = 162 cms/sec* 
R = 8.317 x O7 ergs/°C/nole 

k'w- = 2.4 x Id C I F . S / S ~ C  



It is  inportant t o  realize t h a t  no matter hou small 7 might be 
imagined, ;h physicdlly cannot exceed t h e  evaporation rate of the 
substance in question. Hence for the i m p o r t a n t  Cas8 af marimmn 
removal rate,  

it&& 
E 1: evaporat ion rate 
K = shaded fraction 

The rate Oi evaporation of a sdmtance from the  so l id  
or l i q u i d  state would occur if t h e  vapor uas removed as fast  as it 
formed, so as t o  e’liminate condensat;ion. Mow since evaporation and 
conaensation rates are equal when the vapor is sa tura ted ,  the kinetic 
theory cf condensation can bs used to determine the maxlrmfcl rate of 
evaporation. From Loeb (1927) the zass loss can be expressed as follavs: 

where, 

i-mass loss in gms/&/ser: 
0 = vapor pressnre in dynes/& 

molecular weight 
=Ij-= absolute telnperature 

Table 2 lists iAe evaporation rates of various volatile substances. 
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Substance 

Mercury 

Watsr 

Sulfur Dioxide 

Ammonia 

Chlorine 

Carbon Dioxide 

Hydrogen Chloride 

Krypton 

Evaporation Rates at U O 0 K  
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I 

I 

* ing briefly, ue have shown tha t  the IG~SS loss of any SunmarzZ 
volatile substu;ce f o r  a variety r3f mechanisns is aeterminea by the 
relaxation t h e  for th process and the vapor pressure of the 
substance a t  t h e  col&st temperature. Wespec t i -  04 these 
mechvlisms homver, the escape rate cannot exceed the  evaporation 
rate. Table Tu0 clearly i l l u s t r a t e s  that uater and mercury have 
l o w  enough evaporation rates at 12.0°, t o  remain in the  s o l i d  phase 
in appreciable amounts over Ic i l l ions  of years. 

Ke can estimate an upper lirrit for K (shaded fraction) by 
a~saning that as nuch as 50 percent of the lunar surface is shaded 
(E = $). The actual a rea  of permanent shading is consid rably less, 
and f o r  our purposes it will be sufficient t o  use K =loo[ (%atson 
e t  ale 1961)- TaSle Three presents these  results.  

Eercury 

Ir.:ater 

sulfur Dioxide 

Amonia 

Chlorine 

Carbor! Dioxi& 

aydrogen CfiLoride 

-ton 

gins / 109 years 

3.68 x 10-1 

3.74 x 107 

5.0s x 1011: 

6.83 x 101s 
16 8.5k x 10 
le 

1-33 x 10 
19 

3.1F x 10 

3.05 x 3.65 x Id’ 
As a result of mteor i t e  f a l l s ,  volat i lss  are probably liberated f rm 
the lunar surface, The fraction which k i l l  be r e t d w d  i n  the 
pemeentLy shaded areas w i l l  depefid upon r e l a t i% rat, 0s of the 
molecular transport t o  the poles and the esca-pe. 
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2.3 - 

of a 

PHOTOEUCTRIC STLDY OF A SUSP3CTED COLOR V-A.F.IATIOM u' 1JW3 SUEXITATIS 
I 

Bruce Kurray & S. Liu 

Photographs of Pare S e r e n i t a t i s  c l e a r l y  demonstrate the  ex is tance  
uniform difference i n  co lor  and/or r e f l e c t i v i t y  between the  

7 

surface mater ia ls  of t h e  c e n t r a l  and marginal areas.  
inves t iga t ion  was designed t o  t e s t  t h e  hypothesis t h a t  this observable 
difference i n  densi ty  on the  photographs i s  due, in p a r t  a t  l e a s t ,  t o  
a difference i n  s p e c t r a l  d i s t r i b u t i o n  of i n t e n s i t y ,  i.e., t o  a 
difference i n  color between t h e  c e n t r a l  and marginal areas .  
difference was  detected and these  r e s u l t s  appear t o  be a t  variance 
with those of Keenan (1933). 

The present  

No such 

The Cassegrain scanner of the  6@ r e f l e c t o r  a t  Pit. >iilson was 
used n the nig5;lt of 3-4 December, 1960 t o  obtain spec t ra  from 
3900 f t o  8100 A from four  small areas  i n  Iiiare S e r e n i t a t i s .  Each 
area  was observed twice with a blue f i l t e r  using the second order 
o f  the  grat ing and twice with a yellow f i l t e r  using the first order,  
resu l t ing  i n  s ix teen  p r o f i l e s  f o r  comparison. The sUt-?&dth was 
8'' x SI1, equivalent t o  zn area 1-5 k n  x 15 km on t h e  lunar surface.  
The s l i t  posi t ion,  referenced t o  l o c a l  lunar fea tures ,  w 8 s  a l s o  
recorded photographically once per minute as a check on the  a c t u a l  
p o s i t i o n  of the  s l i t  during each scan. 
marginal region a re  located: 

(1) inmediately northeast  of Menelaus,h= 2&040' , pc 29O40' 
( 3 )  i n  the  center  of t h e  bay Le Konnier, A= 45O30 $3: 4 5 O l O '  

(2)  southeast  of Bessel and due north of 1<enelaus,X:26~0' , 

The two areas  i n  the ciarker, 

t he  t w o  areas i n  the  l i g h t e r ,  c e n t r a l  region a r e  located: 

Bs 3 6 O o  
(4) due eas t ,o f  Le Monnier and north northwest of Bessel, 

~ s 3 5 0 4 0  , E= 40~10' 
The numbers (1), (2), (3) ,  (4) are used i n  Tables I and I1 also t o  
i d e n t i f y  t h e  locations. 

The exit s l i t  of t he  scanner was set  a t  0.8 mm, corresponding 
t o  8 1 i n  the  second order and 16 1 i n  the  f i r s t , o rde r .  
constant was 1 second and the  scanning r a t e  200 k / nine 
of wavelength was acccrrqlisned by observing a standard reference 
star (Oke, 1960) before and a f t e r  t he  lunar observaticns.  
as t h e  transparency of the  atmosphere snowed a moderately l a rge  change 
between ca l ibra t ions ,  and some noise  i s  evident  on the  c a l i b r a t i o n  
runs, no attempt has been made t o  determine e i t h e r  r e l a t i v e  o r  absolute  
br ightness  of t ne  four  s e l e c t e d  locat ions.  

The time 
Cal ibrat ion 

Inasmuch 

0 

The o v e r a l l  wavelength range 3 9 O O - 8 l O O  A w a s  subdivided i n t o  13 
The boundaries of t he  i n t e r v a l s  t o  f a c i l i t a t e  the color  corparison. 

i n t e r v a l s  correspond t o  pronineni absorpiion f e a t u r e s  i n  t h e  lunar  
spectrum when neasured with a 8 A or  16 A bandpass. Sach i n t e r v a l  
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-as planbetiered and the % total area of that  p r o f i l e  computed. 
This quant i ty  is nzferred t o  as % to ta l  response i n  the Tables. 
The nevl value of each pakr ~f' rms f o r  each of ttLe thi,-teen 
intervals is shown on Table I, along with the es t imated  standard 
deviation (conrputed as half the difference between the two repeated 
runs). 6 is, thus, a measure of the randm e r r o r  involved in 
re turn ing  to the exact location on t&e lmar surface, as vel1 as t ha t  
resulting from equipment and atmospheric noise, and from data 
reduction, particularly that introduced by planhetering, 
c l e a r  f r o m  Table I that such sources of random error have introduced 
a d ispers ion  into the data of just under O.%, eqresssd in the m i t s  
of Table 1. 
detecting sin? differences i n  t o t a l  intensity between t h e  W r t e e n  
intervals of magnitude greater than about 0,3k, 
the variations i n  spec t r a l  distribution of i n t e n s i t y  of t h e  four 
s t a t ions .  
t oge the r  and 2 and h taken togsther do not suggest t h a t  thre are 
two d i s t i n c t  populations of l&er deviation than that formd by 
taking d.1 four s t a t i o n s  together.  
09 T a b l e  II show t h z t  emn comparison of individual intervals does 
not result in di f fe reoces  between the i n t e - m i t i e s  of marginal and 
c e n t r a l  areas wkich are inconsistmt with a basic random error of 
measurement ef il.l$. Acmrdhgly, we conclude that tbs surface 
iraterials of the marginal areas differ s i g n i f i c a a t l y  f r o m  tbse 
in the central areas only in r e f l e c t i v i t y .  

It is 

Accordingly, we consider the experimerrt capable of 

Table I1 sumarizes 

It is clear tha t  deviations betweeo stations 1 and 3 taken 

Sinilarly,  the last  two colmmts 

The absence of c o l o r  differences may be taken as sdggesting 
that t h s  maria surface is conposi t ional ly  holoogemous. Bowever, 
the diffarence in r e f l e c t i v i t y  is, mvertheless, real and i s  not 
easi ly  e x p l a i n e d  nsrely as a difi'erence i n  physical s t a t e  of t h e  
p = s s m b l y  gran-alar naterial  that ~QI-ELS the  surface.  
the  observable densi ty  difference on t h e  ?hot ographs demonstrates 
c l ez r ly  the existance of an b t r i n s i c  difference in the surface 
deposits and i s  e n t i r e l y  inconsistent with the p o s s i b i l i t y  of a 
hozogeneous surface layer  present over  the ent i re  maria, 

I n  m y  case, 

i 
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11.01 
1s 9h 
l3.22 
26.88 
10.38 
17.21 
5 034 
ape . 

0.16 
0.17 
0.00 
0.09 
0.06 
0.17 
0.04 
0.1@ 

!.!On : - mean of Areas 1,2,3,4 B1234 
B, 2 nesn or“ Areas 1 and 3 
U 

mean of Areas 2 and 4 ‘24 

AB= difference in m e a n s  of (lY3) and. (294). 
b& 

62 b  are  respective s t a n d a d  deviat ions.  h 3 4 Y  gl3> 
i s  a rough t e s t  of significance 
for each interval. 

6l?i*J+ 
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Bruce Kurray 

There are two p rope r t i e s  of s i l i c a t e  (and o the r )  minerals which may 
suff ic ient ly  a l te r  t h e  in f r a - r ed  spectrum of t h e  moon and terrestrial 
p l ane t s  t o  permit some mineralogical  information t o  be obtained by 
means of ground-based, o r  s a t e l l i t e - o r  probe-borne telescopes.  The 
two p rope r t i e s  a re :  (1) absorption - r e f l e c t i o n  bands and transmission 
bands r e l a t e d  t o  c h a r a c t e r i s t i c  v ib ra t ions  of (SiO4) tetrahedrons and 
t o  e l e c t r o n i c  t r ansac t ions ,  and, ( 2 )  endothermic ana exothermic phase 
changes of c h a r a c t e r i s t i c  magnitudes which take place a t  s p e c i f i c  
temperatures during heating o r  cooling of mineral  samples. 
p rope r t i e s  have been extensively exploi ted f o r  l abora to ry  ana lys i s  
of powdered sarnples of t e r res t r ia l  materials. 
why the  moon might be considered as an ob jec t  f o r  both r e f l e c t i o n  
and emission spectroscopy i n  t h e  infra-rea.  For wavelengths s h o r t e r  
than  about 2.7&, the r e f l e c t e d  s o l a r  r a d i a t i o n  doninates the  t o t a l  
infra-red spectrum, whereas t h e  ex i t ted  black-bodfl r a d i a t i o n  
do-xinates the longer wavelength region, During an  ec l ip se ,  o r  near 
t h e  terminator, one might, i n  addi t ion,  be able t o  ob ta in  an  emission 
spectrurn during t h e  r a p i d  cooling o r  heating of a por t ion  of t h e  
lunar surface. Accordinzly th ree  poss ib l e  spectrographic regimes 
nay be resolved: (1) r e f l e c t i o n  spectroscopy i n  t h e  near infra-red 
out t o  about 3,&,  ( 2 )  emission spectroscoFy i n  t h e  i n t e r n 1  from 
about 2 . 5 ~  t o  1 S p  , of sunlit or  shaded areas which are a t  constant 
temperatures,%- and, ( 3 )  emission spectroscopy i n  the  same wavelength 
i n t e r v a l  during periods of rapid teinperature changes on t h e  lunar 
surface.  
present  study t o  warrant further discussion here. 
howevw, a l r eady  i n d i c a t e  some promise. Before proceeding, however, 
it may be worthxhile t o  mention why t h e  mineralogical  conposition as 
w e l l  as t h e  c h e - ~ c a l  conposit ion of t he  moon o r  p l ane t s  i s  of paramount 
i n t e r e s t  as a means of learning about t he  degree of chemical 
d i f f e ren t i a t ion  of such a body. 

Both 

Figure 1 , i l l u s t r a t e s  

Case ( 2 )  has no t  ye t  been adequately inves t iga t ed  i n  the  
Cases (1) ana ( 3 ) ,  

The s i l i ca t e s  e x h i b i t  a well-known v a r i a t i o n  i n  c r y s t a l  s t r u c t u r e  

A decrease i n  melting point ,  density,  and (Fe,Kg) content 
characterized by increased shar ing of t he  oxygen ions  of t h e  unit  (Si041 
te t rahedra.  
p a r a l l e l  this c rys t a l log raph ic  va r i a t ion .  I n  p a r t i c u l a r ,  o l iv ine  
(Fe,Yg)SiGk ana quartz  SiG2, comon t e r r e s t r i a l  minerals,  a r e  

* This i s  t h i  czse t o  which Sinton ana Strong's (1960) observations CJ!' 

Nars and t n e  Xoon belong, It i s  not  c l ea r  fron: t h a t  paper why they 
consider t h a t  t h e  absence o f  s i l i c a t 3  absorption bands i n  t h e i r  
s?ectra proves t h e  absence of s i l i c a t e s .  
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representa t ive  of t h e  two  ends of t he  se r i e s .  It may prove p a r t i c u l a r l y  
i s p o r t a n t  t o  planetology that the  I ,R ,  absorption bands of the silicates 
also show a regular shift in wavzlength corresponding t o  increased 
sharing of the oxygen ions,  as demonstrated by Lamer (1952). 
infra-red spectroscopy, if f eas ib l e  a t  all, may provide information 
directly about t he  degree of chenical d i f f e r e c t i a t i o n  of the lunar-and 
planetary snr face  materials, Furthemore, quartz  and olivine are 
virtually mutually exclusive i n  t e r r e s t r i a l  mineral  assemblages and 
t he re  is l i t t l e  reason t o  suppose t h a t  th is  would not  a l s o  be the case 
for the  moon or t e r r e s t r i a l  plane%s, &nce, any spectrographic 
technique which might d i s t inguish  &tween q m z  and o l iv ine  is of 
p a r t i c u l a r  s ignif icance,  although de te la ina t ion  of intermedizte 
minsrals is a l s o  important. 

Hence, 

Returning t o  the  consideration of Case (f) ,  spectroscopy of 
r e f l e c t e d  r a d i a t i o n  shorter than about 3,&, it is of i n t e r e s t  t o  
note  that quartz shows no s ign i f i can t  opacity frm the  v i s i b l e  up 
t o  about 2,7p , Olivine, 03 the  o t h e r  hand, has a prominent 
absorpt ion band a t  1Lc  r e l a t e d  t o  an e l z c t r o n i c  t r a n s i t i o n  due t o  
the  Fe++ion  (Clark 1957). 
index of refractioc - ana hence i n  the r e f l e c t i o n  coe f f i c i en t  - 
f o r  e i t h e r  mineral  over t he  i n t e r v a l  i n  qu2stion. Therefore, one 
would expect a r e f l e c t i o n  ninimu?n a t  l p  i f  olivine is  present  i n  
appreciable quar i t i t i es  on the  surfzca x-kreas  qaar tz  should not  
modify t he  spectrun a t  a l l .  
apparently is present  a l so  i n  iron glasses ,  i.e,, similar t o  o l iv ine  
in co-qosi t ion.  
t h e  de le te r ious  e f f e c t s  of s ca t t e r ing  froix a grmular aggregate 
obvioilsly requi re  add i t iona l  experimental i nves t iga t ion  beforo, 
r e f l e c t i o n  spec t rosmpy of t h e  ~ O O E ,  for instxince, could be expected 
t o  y i e l a  rceaningful iGineralogica1 infonaation. 
experimeotal  i nves t iga t ions  cer ta in ly  seem warranted, as a l s o  would 
be the prel iminary design of su i t ab le  te lescope ins t rmeI? ta t ion ,  

and glassy quartz  (9,ZP ) and ol iv ine  (10.0,A ) i n  tne  emission range. 
The 9.2,~ band of Si02 is v i r t u z l l y  unique, in f a c t ,  
for tuna te ly ,  are w e l l  w i th in  t h e  I.% etmspfiere windo=. 
hawever, are due t o  l a t t i c e  v ibra t ions  and coincide d t h  r e f l e c t i o n  
n;axina and t razsmission minina. 
the  r2p ic  cooling associzted w i t h  an ec l ip se ,  f o r  exanple, the  cooler 
p a r t i c l e s  of t he  very top of t h e  lunar sm“ace ray introauce a. character-  
i s t i c  absorption band in t he  o t h e n i s e  nblack-body” r a d i a t i o n  ernanat- 
fron t h e  s t i l l  w a r m  layer  inrcleaiately &neath  ( the tr5ckness of such a 
lqpr xoulc  be perhaps a s m l ~  f r ac t ion  of a r?ii17ime+,pr), This ec i s s ion  
phenonena depends, of C O ~ S B ,  on the behavior of the  e m i s s i d t y  of these 
silf=stanczs a t  Kavelergtkfi close t o  tne  sbsorljtion ban& as T e l l  a s  0x1 
t he  s c a t t e r i r z  Rode a ~ ,  theref ore, also needs f s r t h e r  expzrimental  

There a re  no i npor t an t  va r i a t ions  i n  

Furthemore,  th2 same absorption band 

Both the uniqueness of the  1p absorption band and 

However, such 

Similarly d i s t i n c t  absorption bands are present  i n  both  c r y s t a l l i n e  

Both bands, 
The a b s o q t i o n s ,  

Accordingly, i t  i s  poss ib le  t h a t  during 
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invest igat ion.  
and usual ly  d iagnos t ic  absorpt ion bands i n  the  use fu l  range f o r  ground- 
based observations a s  i s  shown i n  f i g u r e 2  . 
spectroscopy might r e v e a l  a wealth of mineralogical  d e t a i l  i f  these  
absorption bands a r e  h p r e s s e d  - even s l i g h t l y  - on t h e  emit ted therm1 
radia t ion  spectrum during cooling, heating, o r  even under s teady-s ta te  
temperature conditions.  

V i r tua l ly  a l l  rock-forming s i l i c a t e s  have some s t rong  

Hence, emission 

Endothermic or  exothermic phase changes i n  s i l i c a t e s  and other  
minerals, possibly present  i n  t h e  sur face  deposi ts  of t h e  moon o r  
t e r r e s t r i a l  p lane ts ,  might be de tec tab le  during r ap id  heat ing or  
cooling as i r r e g u l a r i t i e s  i n  t h e  observed r a t e  of change of 
tertiperature. 
tertiperature of t he  rnineral holds constant  b r i e f l y  during such a 
phase change. Inasmuch as these  phase changes involves  CryStallOgrZphiC 
rearrangements, however, they  a re  not  t o  be expected i n  glasses .  A more 
se r ious  l i m i t a t i o n  i s  that v i r t u a l l y  a l l  t h e  phase changes t h a t  occur 
below 400°K are due t o  t h e  presence of water of hydration. 
of  t h e  moon a t  l e a s t ,  hydrated co~pounds probably would be unstable a t  
t he  surface,  even i f  they once had formed. 
a more favorable s i t n a t i o n  f o r  t he  app l i ca t ion  of t h e  suggestsd technique 
i n  th2  v i c i n i t y  of the terminator.  

Such i r r e g u l z r i t i e s  could a r i s e  because t h e  

I n  the case 

Girs, homver, might present  





r 
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-om at bast t w o  points of v i e w ,  an rmderstandin;: of n e t e o r i t e s  
is related to an Imderstanding of the mm. There are probably 
c o q o s i t i o n a l  relationships between the  two. Further, n e t e o r i t e s  
mdoubtedly strilce t he  noon with s u f f i c i e n t  frequency t o  have -had 
m j o r  e f f e c t  upon lunar tcpography. I n  v i e w  of the iqorc'zrce of 
m t e o r i t e s  i n  r e l a t i o n  t o  lunar research, a significant f r a c t i o n  of 
the e f f o r t  cormxted with this grant has been placed upon meteor i t i c  
research. 

The f i rs t  area of i n q m  has i m l m d  - m t e o r i t e  sgstexatics. 
The data ccEtained i n  the 'lCatalogue of iceteorites" by e,  T .  Pr ior  
and 'I-:. E. Hey (3.953 e d i t i o n )  has been placed on 232: pmch cards  
together k i t h  s3FFfw-entary & t a  provtced by the b u l l e t i w  of Z. L. 
Elrinov, mder the auspices  of the i n t e r r i i t i o n a l  Geological Congress. 
These cards ham been mea t o  c o q i l e  E s t k g s  of x 5 t e o f i t e s  based 
upon chronology, tWyp of m%eor i te ,  and gecgrapLhical pos i t ion .  An 
add i t iona l  bene f i t  has been the mdern iza t i cn  cf t a b u l a t i o m  shokfmg 
the nmbers of r?etecrite f a l l s  as funct ions of t h e  t h e  of day, moztfi, 
year, geograpkzcal pos i t i on  a d  type of x e t e o 5 t e .  SimmrLes of these 
listings vS.1 be snaoe a r ~ i l a b l e  i n  the Rear IorLure. 
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3.2 X3TEORITZ STATISTICS - 
Harrison Brown ana Hugh T. Millard,  Jr. 

The ava i l ab le  da t a  on Ke teo r i t e s  summarized i n  sources such as the 
P r i o r  - Hey catalogue have been placed upor! punch cards, and these  cards 
have been so r t ed  through with respect  t o  s p e c i f i c  var iables .  Each 
meteorite has been assigned a code number and the  punched data includes,  
wiien avai lable ,  t h e  time ana da te  of t he  f a l l ,  the  l o c a t i o n  (rounded to 
one degree), the type of n e t e o r i t e ,  t he  recovered mass, the  number of 
fra-Tents,  together  with chercLca1 da ta  such as t h e  per cent of n i cke l i f e rous  
i ron ,  the Fe/Ni r a t i o  i n  t h e  metal, t he  KgO/FeO r a t i o  i n  the  s i l i c a t e  
phase, t h e  per  cent n i c k e l  and the  yer cent t r o i l i t e .  

Pr intouts  have been obtained of the data  1 5 t h  respect  t o  a nQyber 
of var iables  . The following p r i n t o u t s  zrs XO-K ava i l ab le  : 

1.) a l l  n e t e o r i t e s  i r ,  a lphabe t i ca l  o r m r  
2.) f a l l s  i n  chror-ological order 
3 . )  f a l l s  by month and day 
4.) falls by n o . ~ ,  l o c a l  t i n e  
5.) iron falls by t,ype 
6.) i r o n  f a l l s  by Imss 
7 .  j 
E . )  
9.) 
10. j 
11.) 
1 2  . ) 
13 . ) 
IJl.! 
15.) 
10 .) 
1 7 . )  
le'.) 
19.) 
20.) 
21.) 
22.) 
23 .) 

stony-iron f a l l s  by type 
ci;or.ciritic f a l l s  by t j T e  
achondr l t i c  f a l l s  by t p e  
chondr i t i c  f a l l s  by weight 
achondri t ic  f a  11s by ve igh t  
mateorites i n  each i n t e r v a l  of 10' k t i t u a s  
i n  l ong i tud ina l  crcier 
r ie teor i tes  ic each letLtu6e i n t e r v a l  by .m.or,th 
n e t e o r i t e s  i n  e2ch l a t i t u d e  i n t e r v a l  by tirr-e or" day 
falls i r .  order o f  c e t a l  plkise ccntent 
i r o n  f i n d s  by t p e  
i r o n  f i n d s  by weight 
stony-iron f inds  b:. t n e  
stony f i n d s  by k-eight 
stony finds by t.ype 
f i n d s  by l a t i t u d e  an6 lonzitc.le 
f i n d s  i n  order of m t a l  chese conten-? 
i r o n  YeteorLtes IF orcisr of increasiri- n i cke l  cor?tent. 

These zata I r e  nox being analpsed ana p l o t t e d  f o r  d i s t r ibL t ion .  
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Geographical loca t ions  of falls and finds hve  'Seen p lo t t ed  on 
maps f o r  t h e  pmpose of analysing the f l u x  of meteorite falls upon 
the ear th .  
t h e  e a r t h  and moon k s  h e n  made, based upon the observed impact 
frequency i n  areas of high population density. 
flux of meteorites reaching the  earth's surface corresponds to about 
L.1 meteorites per par per million square kilometers, 

An es ths t e  of the frequency of impact of meteori tes  upon 

It appears that the 

Analysis of tf te f a n  da ta  ind ica tes  that c e r t a i n  types of meteori tes  
f a l l  p r e f e r e n t i a l l y  during specific times of t h e  year. For e-le, 
veined white hypersthene chondrites appear t o  fall p r e f e r e n t i a l y  in  
February, Flay a d  September, 
meteori te  f a l l s  ir- the intervals i4arch 25-April 20 and July ?-August 3. 
&?long the  hypersthene chondrites there a s  i n t e r e s t i n g  groups of f a l l s  
which appear t o  c lus t e r  around June 28, July 15, S q t e n b e r  5 and 
Decenbo,r 10, m c h  nay relate t o  o r b i t a l  chz rac t e r i s t i c s  of individual 
meteori te  groups. 
t o  be randomly d i s t r ibu ted  throughout t h e  p a r .  

There are d i s t k c t  g r o u p i q s  of iron 

By contrast ,  falls of carbonaceous chondrites appear 

The sumiaries of these s tudies  k i l l  be made general ly  a v e l a b l e  
soon. 
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3.3 THE PETROGRAPh’Y OF THE BRL3I)B€EIM I3ETEORITE 

Dale R. Simpson 

- 

The Bruederheim W t e o r i t e  f e l l  i n  1960 and has been used ex tens ive ly  
by other  workers i n  s t u d i e s  o f  s p a l l a t i o n  r eac t ions  induced by cosmic rays. 
I n  view of the f a c t  t h a t  s o  many workers are studying t h i s  meteorite,  it 
was deened des i r ab le  t o  make a c a r e f u l  petrographic  s tudy of t h e  meteori te  
together  with a ca re fu l  chemical analysis .  
preliminary. 
Qpon h i s  ohm study of t h e  t h i n  and pol ished sect ions,  i s  being prepared 
by Yr. Kichael Duke. 

The desc r ip t ion  below i s  
An independent opinion o f  many of t hese  observations, based 

E T R O G F W Y Y  

Textwe 

The meteori te  i s  ho loc rys t a l l i ne  inaquigranular.  Chor-drules, 
sphe r i ca l  t o  subspherical  minerals o r  mineral  aggrezates,  form t h e  most 
conspicuous textural f ea tu res .  The chondrules a r e  i n  a f i n e  t o  medium 
c r y s t a l l i n e  groundmass. 
smallest g r z i n s  being about 0.01mm. i n  diameter. 
t h e  groundma.ss are as much as 0.3 m.. i n  diameter. 
anhedral and have f o r m s  t h a t  range f r o n  angular t o  subrounded. 

T h i s  groundnass i s  se r ia te  t ex tu red  with the 
The l a r g e r  g ra ins  of 

They a re  gene ra l ly  

I n  t h i s  study, t h e  chondrules have been divided ir-to seven c l a s s e s  
on t h e  bas i s  of t h e i r  moThology. The nanes assigned t o  thes s  cl-asses 
are intended t o  be desc r ip t ive  and no t  gene t i c  and f o r  t h i s  reason t h e  
use of a mineral  name i n  t h e  name of a chondrule c l a s s  has been avoided 
wherever possible  . The desc r ip t ive  names are the following : 

1. Rimyed bar chondrules 
2 . R a d i a l  aggregate chondrules 
3.  Latnl ike aggregate chondrules 
4* Composite a c i c u l a r  chondrules 
5 . 
6. Equant o l iv ine  chondrules 
7 . Single  c r y s t a l  chondrules 

Composite equant o l iv ine  chondrules 

It should be understood t h a t  t he re  a r e  many chondrules i n  t h i s  
meteorite t h a t  do not  f i t  wel l  i n t o  a s ing le  c l a s s ;  i n  f a c t  t h e r e  appear 
t o  be gradations between some of  t h e  classes. 
dsscrilsed and the  c l a s s  nmes  assigned should be considered textural  
end-Embers 

Therefore the  chondrules 



1. 3irmed bar cfionckules. !Two such chondrules were observed 
in the t h i n  sect ion,  each about 0.6 EX. ip diaTeter,  
t hese  chondnlles, about 0.5 m. ii diamter conte3hs elongate  
anhedra l  c,rystals of olivine i n  subpa ra l l e l  o r i en ta t ion  wi th  the 
i n d i - 8 i h l  c r y s t d s  extending across ttii c h o n e u l e  core. There 
me about 10 of these elongate o l iv ine  c r y s t a l s  in crude o p t i c a l  
contiouity xi th  each other i n  a single chondrule. I n  one of these, 
tne olivine has 2v= -f 85' corrssponds t o  y@2eS* An amrage 
width of t hese  olixche c r y s t a l s  ih about 0.02 nn. I n t e r s t i t i a l  
t o  t h e  elongate  o l iv ine  crystals is  pyroxene. 
mineral  m y  bp, a s ing le  c r y s t a l  or nore crystals with a conmcn 
o r i en ta t ion ,  
round and i s  surrounded by a rim of o l iv ine ,  There a m  about 
15 q s t . a l s  i n  a crude o p t i c a l  o r ien ta t ion  wi th  each o ther  i n  
t h i s  rin, ma i n  a l l  cases these crys ta t s  extertd fron the  core- 
rim contact t c  t h e  outer edge of t h s  cho~dru le .  
chondmles t h e  oli*e i n  the core i s  i n  o p t i c a l  ccn t inn i ty  x--th 
t h 9  o l i v i n e  izi t h e  r5.m -&ereas i n  t h e  o ther  chondrule t h e r e  is a 
marked difference in t h e  q t i c a l  o r i en ta t ion  of  t he  core and the 
rin, 
b u t  i? d e t a i l  it is  very i r r e g u l a r  i n  o u t l h e .  
iron and t r o i l i t e  are present  i n  both t h e  rim and t h e  core of 
the chondrules, 

The core of 

This inters t i t ia l  

In t h i n  sec t ion  the core of t i e  chondrule q p e a r s  

In o m  of the 

The outer  edge of t h e  chondrule appears genera l ly  rounded 
Small nasses of 

2, R a d i a l  aggregate chondrxles. Three except iona l ly  w e l l  
developed chondrules of this type wre  found i n  t he  t h i n  sec t ion ,  
each about 1.5 m%. i n  d i m e t e r .  
of a c i c u l a r  c r y s t a l s  of pyroxene, t h e  l a r g e r  05 xhich -xszsure as 
nuch a s  2 m. in l ength  and 0.02 mm. i n  width. In sone chondrules 
these  c r y s t a l s  appear t o  r a d i a t e  f,roc! a comon poir;t and thus haye 
a f a - l i k e  texture. In other  chon&.sles tne acicl i lar  c r y s t a l s  are 
subpa ra l l e l ;  ghereas i n  s t i l l  otner ckoncrules tiiere appear t o  be 
domains a d  i n  eacn domain the  a c i c d a r  c r y s t a l s  have a different 
or len ta t ion .  Eesices the ac icu lar  c r y s t a l s  of pyroxene t b r e  are 
rarely present  anhedral masses of pyroxene that  appear t o  grade 
i n t o  t h e  acicl l lar  crystal form. 
t h e  l a r g e s t  being zbout 0.3 m. lorg,  have t h e  same o p t i c a l  
p rope r t i e s  and or i en ta t ion  as t h z  a c f c u b r  crysta2-s of Fpoxene. 
%asses of i r o n  and t r o i l i t e ,  about 0.02 YE. i n  diamter are 
d i s t r i b u t e d  i n  these  r a d i a l  aggrsgats chndru los .  
are subrounded k i t h  an i r r e g u l a r  boundary. 

These chondrules are coqosed 

These anhedral  rases  of pyroxene, 

These chonarules 

3. Lath l ike  zzqregate chonr3ules. About 6 t o  8 of these  . 
chondrules were found i n  the  tii-k sec t ion  each about 1 t o  2 mm. 
in diazeter. They cor?tain p-rroxene v i t h  a l a t h l i k e  habit. These 
l a t h l i k e  c r y s t a l s  range i n  1enzf.h f ron  about 0.2 t o  0.6 m. and i n  
width f ron 0.03 t o  0.05 m. 
d i f f e r e n t  o p t i c a l  o r i en ta t ion  w i t h  another a rea  of thd same chondrule, 

An an32 in a chon&ule r?ap be i n  
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and within a s ingle  a r e a  t h e  pyroxene laths conmonly have seve ra l  
d i rec t ions  o f  e longat ion but a conmon o p t i c a l  o r ien ta t ion .  A s  a 
resu l t  of t h e  pyroxene laths, t h e  chondrule has a c r i s sc ross  
texture. The l a t h s  are near ly  adjacent  t o  each other  bu t  have a 
wide-appearing contact as a r e s u l t  of minerals with an equant form 
i n  t h e  contact zone. These equant minerals are e i t h e r  i s o t r o p i c  
o r  very low b i re f r ingen t  with re l ie f  about equal  t o  the pyroxene. 
These c r y s t a l s  a r e  about 0.003 mm. i n  diameter. 
of some of these chondrules i s  d i s t i n c t ,  being marked by a crude 
concentric f rac ture ;  however o thers  of these  cnondrules do not 
hzve a well defined outer  edge although t h e  genera l  form of the 
Chondrules i s  round t o  subround. 

The outer  edge 

4. Composite ac i cu la r  chondrules. About 6 t o  8 of these 
chondrules i n  t h e  t h i n  sec t ion  average about 1 m. i n  diameter. 
These chondrules are coniposed of about so", o l iv ine  ana 50% pyroxene. 
The o l iv ine  has an a c i c u l a r  hab i t  with ind iv idua l  c r y s t a l s  comzonly 
about 0.3 mm, long and 0.03 nm. wide. These c r y s t a l s ,  which a re  
evenly d i s t r ibu ted  i n  the chondrule, have a common o p t i c a l  o r i en ta t ion  
and l i e  p a r a l l e l  t o  each other. I n t e r s t i t i a l  t o  t h e  ac i cu la r  o l iv ine  
c rys t a l s  a r e  anhedral pyroxene c rys t a l s .  Sone of these  pyroxene 
c rys t a l s  a r e  as much as 0.08 mm. i n  dianeter. 
pyroxene c r y s t a l s  are c u t  by an  a c i c u l a r  o l iv ine  c rys t a l .  
t r o i l i t e  grains ,  about 0 , O l m m .  i n  diarceter, are randomly d i s t r i b u t e d  
i n  these chondrules. I n  general  f o r m  these chondrules are rounded 
t o  subrounded; however some of them appear f l a t t e n e d  or  broken. 
Barely an o l iv ine  rim, i n  o p t i c a l  cont inui ty  wi th  the ac i cu la r  
o l iv ine ,  i s  present  along p a r t  of the  periphery of the chondrul2; 
however the  outer  margin of these chondrules i s  genera l ly  i r r e g u l a r  
and poorly defined. 

Conmonly the anhedral  
I r o n  and 

5. Composite equant o l i v i r e  chondrules. There a r e  about 4 t o  8 
i n  the  t h i n  sec t ion ,  each about 1 t o  2 m. i n  diameter. Olivine,  
averaging about 0.3 m.. i n  diameter, comprises about 7% of these  
chondrules. i n  some chondrules the  o l iv ine  forms euhedral  c r y s t a l s  
with except ional ly  w e l l  developed faces ;  however i n  o ther  chondrules 
the  c rys t a l s  are subhedral t o  ar-hedral and appear embayed o r  even 
ske le t a l .  I n t e r s t i t i a l  and i n  t he  embayed areas  of the  o l iv ine  
c rys t a l s ,  pyroxene p o i k i l i t i c a l l y  encloses  nunerous o l iv ine  c r y s t a l s  
t h a t  a r e  about 0.007 mn,. i c  d i m e t e r .  The i n t e r s t i t i a l  pyroxene 
forms about 3OZ of  t h e  chondrule. Althollgh these  chondrules are 
rounded i n  form, i n  Getail they haT:e a very i r r e g u l a r  border h i t h  
t h e  l imit  of  t h e  cnor,drule being defined by the  equant 0l ivb.e  
c r y s t a l s  . 

- 

6. Equant o l iv ine  cnondrules. There i s  one good exarriple of 
t h i s  type i n  t h e  t h i n  sec t ion .  T h i s  chondrule, about 2 mm, i n  d i axe te r ,  
i s  composed o f  small equant c r y s t a l s  near  the  outer  edge and i t  beccmes 
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coarser  c r p t z l l i . l e  near t he  center. 
t h e  outer edge of t h e  chondrule are i n  th3 s i z e  range of 0.02 
t o  0.07 m. with an average size of 0,03 RID. These c q s t a l s  
me c l o s s l g  packed wi%h no visible  i n t e r s t i t i a l  pa t e r i a l .  
Olivine is the  only silicate n b e r a l  ir? the outer por t im-  of 
t h e  chondrule, The central part is pyraxen. p ~ i k i l i t i ~ a l l , v  
enclosing olivine. Tbe mximm size of indiddual psraxene 
rrystdls in the center of the chmdrule is diff5eult t o  
determine because ths -ai?eral i s  extemively fractmed; 
hok=rer one ppoxen6 crystal is a t  least 0.7 m. i0 diameter. 
-b axerage s i z e  of the o l iv ine  tha t  is p o i k i l i t i c a l l y  enclosed 
by ths  pyrmrene is aboEt 0.6 m. iE dhe te r .  
cqs t a l s  are equant and subhedral. 
as m c h  as 0.1 m-. in d i m e t e r  a r e  d i s s h t e d  in the chondrule. 
Ir? addi t ion,  iro~, t r o i l i t e ,  and w t i t e  occm in a distinct, 
b u t  d i ~ ~ o z l t i n ~ 0 ? 1 ~ ,  band around the chondrul~. 

I,:ost of' the  c r y s t a l s  near 

These o l i v i m  
Iron and t r o i l i t e  g ra ins  

7. Single c r y s t a l  chondruhs. There are m a y  exanples of 
this type h the  thin section. These sirbple crystal chondrules, 
cornonly about 1 m. i n  diameter, may be either o l i h s  or  
pjcroxene. 
with a well defined outer  edge, 
subrounded t o  submgular a l s o  with a w e l l  defined outer boundary, 

The ol ivine chondrules are equant, rounded o r  subro.Jnded, 
The pyroxene chondrules are 

?Emeralogy 

3 e t a l l i c  Bases 
1. Troilite i s  Present  i n  very irre-r =ses UD t o  about 

2 E.. i n  mxhm b e h i m .  
i n t e r s t i t i a l  t o  t h e  s i l i c a t e  -ninerals and i n  s eve ra l  areas they 

ths  si3icEite Irinerd;. These i r r e g n l a r  nzsses are m d 3  up 
of subhedral t r o i l i t e  c r y s t a l s  about 0.1 IIL~,. i n  diameter. 

These &asses-'a?pear t o  fifi i n  o r  be 

2, 
';.i? t o  1 m-. i~ rnazi~nln dinension. It also appears t o  f i l l  i n  
arcunct Yne silicate xherals. 

Xetal'lic i ron- r icks l  i s  yresent  as very irregular masses 

3. Xnstite occurs 2s arAedral crystals 0.1 to 0.2 mr i~ 
I n  r e f l ec t ed  light it appears f r a c t u r e d  and p i t t ed .  cEar&er. 

Non-metallic Phases 
1. FtTaxene xas i den t i f i ed  i n  severd- t-mes of chondrules. 
The o p t i c a l  p roper t ies  obtained for d i f f e r e n t  r z h e r a l  

fragnents am sno~m i n  Table 1. 
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Table I 

Optical p rope r t i e s  of pyroxenes i n  
mineral  f ragnents of the  Bruederheim Meteori te  

Radial  aggregate chondrule ( 3 )  1.678 1.694 Q77Fe23 
Radial aggregate chondrule (k)  1.660 1.6% 1v?g78FP,22 

Lathl ike aggregate chondrule (8) 1.678 1.690 1%8$e20 
Lathl ike aggregate chondrule (11) 1.678 1,690 I"'g8$e20 
Radial  aggregate chondrule (12 ) 1.678 106% 

Lathl ike aggregate chondrule (13) 1.677 1.690 i.5g80Fe20 

Single c r y s t a l  chondrule (15) 1.578 1.690 Fg6ze20 

(1) 
of chondrules. 

( 2 )  
t h e  nanner previously described. oecause of t h s  s i z e  a n d  f r a g i l e  
nature of the  n i n e r a l  fragment it was not poss ib le  t o  o r i e n t  
t he  specimens on a universa l  s tage ,  consequently the re  i s  
unce r t a in i tg  as t o  the o p t i c a l  o r i en ta t ion  o f  t he  mineral  fr2.g- 
ments. 
considered accurate  only t o  0,OOL. 

Hess, E. E., 3.S.A. Lezoir  80,  1960. 

The morphologies of the  c r y s t a l s  a r e  l i s t e d  under types 

The i n d i c i e s  of t be  n i n e r a l  fragments were obtained i n  

For tnis res-son, t h e  values  l i s t e d  f o r  the  ind ices  a re  

(3) Obtained fron:  diagranl of t h e  p rope r t i e s  of orthopyroxenes, 
- 



2, Olivine is  present  iR chondruies ana i n  tne g r ~ s .  
The optical  p rope r t i e s  obtzined f o r  t h e  different mineral frag- 
m n t s  are given in Table 2. 

Table  2 

optical properties of olivine in 
mineral fragmmts of the Bruederbeim Itktaorite 

Occurrance (1) 

Cmposite equant - 1,680 L700 8S0(-)  Fo$”23 

Fo?7Fa23 
oli.tirine chondrule ( 5 )  

Rimmed bar chondrule (7) 1.690 107s 
Equant o l i v i n e  chon- 1.678 
dml.e (9) 
Composite equant 
olivine chondrule (10) 

1.715 F0nF”23 

(1) 

(2 )  

T b  morphologies of the crystals are listed under 

The i n d i c i e s  of tfie m i n m a l  fragments were obtained i n  
t p e  of chon&& 

t h e  manner previously described, &cause of t h e  s i z e  and fragile 
nature of the n i n e r a l  f r a g w n t  it was not  possible t o  o r i e n t  
t h e  specinens on a universal stage, consequently there is 
unce r t a in i ty  2s t o  t h e  o p t i c a l  o r i en ta t ion  of t h e  n ine r2 l  frag- 
ments. For this reason, the =lues l i s t e d  f o r  t h e  kd ic i e s  are 
considered accura te  only t o  0.00L. 

Polde rmar t ,  A,, h. Lb., 35, p. 1073, 1950 
( 3 )  Obtslimd from diagram of Frope r t i e s  of o l iv ine ,  
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3. Apati te  i s  present  i n  trace amounts as anhedral crystals  
i n t e r s t i t i a l  t o  o l iv ine  and pyroxene. I n d i c i e s ,  Nw 1.626* 0.002 
and N, = 1.621% 0,002 i n d i c a t e  t h a t  t h e  mineral i s  a f luo r -apa t i t e ,  

4. Feldspar was looked f o r  but not  found i n  t h e  t h i n  section. 

Modal Analysis of the Xetall ic Phases 

A modal ana lys i s  of a pol ished t h i n  s e c t i o n  and a polished 
s e c t i o n  was rnade i n  order t o  determine t h e  per  cent  i ron ,  t r o i l i t e ,  
and wust i te  i n  the  n e t e o r i t e .  The opaque minerals were i d e n t i f i e d  
and point counted on a metallographic microscope with a po in t  
count stage. L i t h  both  t h e  pol ished s e c t i o n  and t h e  pol ished 
t h i n  sec t ion  a count of more than  2500 po in t s  was made and t h e  
values were recorded every 500 points.  
VS. number of points ,  a t  500 po in t  i n t e r v a l s ,  give a n  i n d i c a t i o n  
of t he  sample area required.  Such a p l o t  o f  this meteorite shows 
t h a t  r ep roduc ib i l i t y  t o  plus  o r  minus 0.5% of t h e  whole can be 
expected f o r  the  m e t a l l i c  phases from a sample a r e a  of about 5 cm2. 
I n  both the polished t h i n  sec t ion  and t h e  pol ished sec t ion  t h e r e  
i s  about 5% t r o i l i t e ,  3% i ron ,  and 0.5% wustite by volume. Holes 
p re sen t  on  t he  surface s tud ied  were a l s o  counted and it w 2 s  found 
t h a t  t h e  polished sec t ion  had more than twice as many holes as t h e  
polished t h i n  section. 
t o  mount t h e  t h i n  s e c t i o n  t o  t h e  g l a s s  s l i d e  f i l l i n g  the  holes. 
Xi th  r e f l e c t e d  l i g h t  the bonding media probably could not  be 
dis t inguished from the  s i l i c a t e  minerals. 

A p l o t  of pe r  cent mineral  

This i s  probably the  r e s u l t  of bonding used 

Assuming t h e  s p e c i f i c  g r a v i t y  of t h e  pyroxene-olivine mixture 
t o  be 3.4, t h a t  of wust i te  t o  be 5.7, t h a t  of t r o i l i t e  t o  be 4.8 
and t h a t  of metallic i ron-nickel  t o  be 7.8, we f i n d  t h e  following 
composition by weight: 

me ta l l i c  iron-nickel 80% 
t r o i l i t e  7.5% 
wustite 0.8% 
other 83 07% 
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T h i n  Section 
In voluxe per cent 

Silicates W n s t i t e  T ro i l i t e  Iron Holes 

85-8 
85.9 
83.9 
86.3 
86.7 
85.8 

84.6 
82 .t 
82 
81.1 
81.0 
81.4 

0-6 7-8 
0-4 5 -8 
0.5 5 -3 
0-5 5.2 

0.6 5.3 
0.6 5 *2 

Polished Section 

0-4 6.0 
0.5 5.1 
0.7 4.8 
0.6 5.1 
0-6 5 -3 
0-5 5 02 

3-0 2 -0 
3.9 

3 *3 3 88 

4.2 4- 8 
3.9 8 01 
3 -7 8-4 
3 *5 9.6 
3 .3 10.0 
3 *I 10.0 
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- 3.4 CHEMICAL ANALYSIS OF "€E BRUZD"LRHEDd1 NETEORITE 

Donald Maynes 

Outline of Analwvtical Nethods 

From a 60 gm, piece of t he  meteorite,  15.2 gms. were chipped 
off and crushed i n  a P l a t t n e r  mortar t o  pass  80 mesh. 
of t h e  me ta l l i c  phase which f l a t t e n e d  i n t o  p l a t e s  during t h e  crushing 
were reduced t o  80 mesh wi th  a Wig-L-Bug. 

Those p i eces  

A second por t ion  of  approximately 25 gms. was taken from the 
same piece, and reduced t o  80 mesh, 
i n t o  a ltmagnetic" and 1~non-inagneticl~ f r a c t i o n  with a hand magnet, 
t h e  weights being 3.1341 and 22.0303 gms. respect ively.  

This p o r t i o n  was separated 

Portions of t he  crushed sample used f o r  t h e  var ious determinations 
were separated with a sample-spli t ter ,  except t h a t  grab-sanples were 
used i n  the ana lys i s  of the "magneticr! f r a c t i o n .  

k 1 gm. po r t ion  was used f o r  t h e  determination of %O; Si02' T i 0 2 ,  
T o t a l  Fe, A1203, CaO, and MgO. 
weight a t  105°C, 
recovered and the  weight added t o  t h a t  obtained by double dehydration 
of an hydrochloric-acid solut ion.  
dissolved and a l i q u o t s  wsre taken f o r  t h e  determination of TiC2 
(color imetr ical ly  wi th  hydrogen peroxide) 
with s i l v e r  and t i t r a t i o n  with p o t a s s i m  dichrornate), and A1203 
( g r ~ v i m e t r i c a l l y  by p r e c i p i t a t i o n  wi th  8-hydroxyquinoline). 
was prec ip i t a t ed  twice as t h e  oxalate,  i g n i t e d ,  a n d  weighed as t h e  
oxide . 
and weighed as the  pyrophosphate, 
pyrophosphate was determined and the  weight of pyrophosphate 
corrected f o r  i t s  presence. 
1953 

H20-was de t emined  from the l o s s  i n  
S i l i c a  present  i n  t h e  amon ia  p r e c i p i t a t e  was 

The ammonia p r  ec ip i ta . te  w a s  

t o t a l  i r o n  (reduct ion 

Calcium 

Magnesium wa.s p r e c i p i t a t e d  twice wi th  phosphate, i gn i t ed ,  
Xanganese p re sen t  i n  the 

(Hillebrand, Lundell, Bright ,  ana Boffman, 

To ta l  water was determined by t h e  Penfield method, with l e a d  
The value €o r  F20' oxide added t o  r e t a i n  other  v o l a t i l e  const i tuents .  

was obtained by sub t r ac t ing  H20 from t o t a l  water. 

Alkalies were determined i n  a 0.5 gm. 
manner out l ined by Brannock and Berthold.  (1953 

e s s e n t i a l l y  i n  the  sm7:e, 
Xanganese and ~ ~ O S F ~ O Y U S  iriere determined I n  a l i q u o t s  of a s o l u t i o n  

of 0.5 gms. of the  meteorite;  P 0 
(ISh.4); P:nC by the  procsdure of 1J.i l lard and Greathouse (1917) 

by t h e  procedure of Kitson and I~lel lon 
2 5  

I 

I 
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T o t a l  n5ckel, cbroniurn, and sulphnr were determined i n  a 1 gm, 
portion after a fnsion with a sodimn carbonate-potassium nitrate 
f lmc,  Chrolnfmn was c l e t e m i m d  colorimetrically as the dicbrmate, 
snlghnr gravi.metr5-W by prec ip i t a t ion  with barim chloride, and 
nickel graee t r i ca l ly  by prec i f l t a t ion  d t h  dimethylglymdme. 
(Hinebrand, Lnndell, Bright, and Hoffman, op. cit.). 

Hetauic w2S dekI%kh8d .by mthOdS, mu, m&trS 
procedure (19&l), and t h e  mercuric-chloride procednre (LmdeU, 
Hoffman, Bri,gkt,, 1931). An aliquot of t h e  solnt5on obtained i n  
t h e  nrercuric-chloride procedure was used for the metall ic-nickel 
determination; the  inso luble  port ion of t h e  sarrple was used for a 
direct &tern ina t ion  of n i cke l  oxide. 
fields the higher vsult f o r  meta l l ic  iron. 
meteor i t e s  have not ,yet i nd ica t ed  t h e  cause of t h e  m f e r e n c e .  

Generally, E i o t t  * s procedure 
ExperineEts with other 

The concentr&Aon of i r o n  as oxides, reported as FeO, uas 
obtained by subt rac t ing  the  sum of mtallic iron and iron as 
s~ lph ide  from t o t a l  iron, 

Besnlts 

The a n a l y t i c a l  results are shown i n  Table I. The average 
analysis is i n  s a t i s f a c t o r y  agreement %5th the  coIcposite result 
derived from indepencknt amlysis of t h e  "mgnet ic"  and "non- 
napetien splits. The chemical results f o r  r - - t a l I i c  nickgqUferous 
i r o n  and t r o i l i t e  are conqased wi th  the petrogrzphic r e s u l t s  below 

Per cent 
e t r o  r m k i c  chemical 

-dcke l i fe rous  i ro r !  %&-- 8.53 
t r o i l i t e  7.5 6 .$@ 

The agreement i s  sa t i s fac tory .  The discrepancy m y  in part 
result from an occasional confusion between metal ana t r o - 7 t e  
under t h e  nicroscope. 



-36- 

T a b l e  I 

CHWICAL CO!JPOSITION OF THE BRUSDZRHEIM KETECRITE 

#1 $2 #3 AVi3RAGE "rragnetic" "Nan-Eag.0 n Composite" 

Si02 
T i 0 2  

A$ O3 
Net. Fe 

CaO 
HgO 
sa2 0 

39.56 39.54 
0.12 0.12 

2.15 2.15 

7.44 7-18 
13.80 13.55 

(KCuC13 

0.32 0.32 

1.76 1.79 
24.66 24.71 

0.99 0.99 

0.12 0.11 

0.05 0.03 
0.28 0.27 

H2Q- 
p205 

FsS 6.56 6.59 

7.31 53.40 
13.89 6.90 

0.32 Xot  

1.78 0.78 
24.69 7.77 

0.99 Not 

0.12 Mot 

Determined 

Determined 

Deterpined 

0.36 
u . 9 7  

0.35 

1.94 
27.16 

1.07 

0.12 

6.97 
U.87 

0.10 

0.16 I,! 0 t 0.18 0.16 

0.04 0.04 0.01 0.01 
Determined 

0.28 Not 0.30 0.26 

6.58 2.21 7.25 6.63 
Determined 

TOT. N i .  1.22 (1.39)(') 1.22 1.22 9.36 0.12 1.28 
as metal 

0.53 f;ot ( 2 )  0.53 0.27 0.58 0.54 
Deternined Cr203 

TOTAL 99.70 9P.L4(2) 99.73 97.27 1GO. 16 99.73 
~ T o t .  Fe 22.35 (21.90)l 22.23 22.29 60.16 16.62 22.04 

as mtal 

(1) Uiscarded i n  ave. 
( 2 )  Cr203 fron; 3rued. ?il i s  used. 
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Smeral meteorites bave been analyzed with respect to their 
major constitnsnts. 
table, 

The results are summarized in the attached 
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